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From the standpoint of its grosser structure the nervous system of 
Placophorans is but poorly centralized, as evidenced by the absence 
of clearly defined ganglionic concentrations upon its principal strands. 
Histologically,  the  character of this  nervous system is  incompletely 
known.  From the functional side, evidence has been  secured point- 
ing to the relatively diffuse type  of  nervous  organization  prevailing 
in Chiton as compared with some other mollusks (Arey and Crozier, 
1919).  It was desirable to make further inquiry as to the nature of 
the nervous organization of Chitons,  especially as revealed through 
the  actions  of  alkaloids.  The  species  employed was Chaetopleura 
apiculata  Carp,  (found at Woods  Hole,  Massachusetts). 
The neuromuscular responses  of  Chitons  comprise movements of 
various parts of the body, resulting from localized stimulations, and 
movements of  the  animal  as  a  whole.  In  the  latter  category  are 
included  locomotion,  suctional  attachment  to  a  substratum,  and 
curling up movements. 
The  locomotion  of  Chaetopleura,  like  that  of  other  Chitons  (of. 
Crozier,  1918-19),  is  accomplished by  neuromuscular waves  which 
travel from anterior end to posterior end over the surface of the foot. 
In this  species,  as in other cases,  one pedal wave at a  time usually 
appears  on  the  foot,  although  in  the  larger  specimens  (20 .ram.  in 
length and over), two or three successive waves may be seen on the 
foot simultaneously. 
Chaetopleura  is  negatively  phototropic  when  exposed  to  light  of 
150  or more meter candles intensity;  to  light of less than  150  meter 
candles the older individuals are indifferent.  An animal creeping in 
bright light ceases movement when the light is removed, but the shell 
surface is not sensitive to a  decrease of light intensity. 
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The strong sucfional attachment of Chitons, following stimulation, 
is  effected by  the girdle;  the  flexible  girdle is  pressed into  contact 
with  the substratum,  and  a  subsequent slight arching of  the body 
serves  to produce a  true  "sucker"  action quite independent of  the 
activity  of  the  foot.  The  surface of  the  foot does,  however,  suck 
locally  (Parker,  1914),  an  area  several  millimeters  square  being 
sufficient to afford a  suctional field adequate for the support of the 
whole body.  An undisturbed Chaetopleura is supported in this way, 
for  the  girdle  is  then  lifted permitting  the entrance of  respiratory 
water currents. 
A  Chaetopleura detached from its substrate and placed on its back 
undergoes, in the light, a pill-bug-like curling up.  In weak light or 
in darkness, the animal after a  short  time opens  out,  twists  longi- 
tudinally, and may succeed in righting itself.  The ventral surface is 
quite sensitive to light, and to shading.  Chaetopleura  attached to a 
glass slip may be caused to release the attachment of the foot by the 
illumination of  the ventral  surface.  Either  increase or  decrease  of 
light intensity causes a Chaaopleura lying on its back to curl up more 
completely.  By means of such changes of light intensity, produced 
on  the ventral surface through the animal's own movements while 
beginning to "open up" after being curled, a  more or less rhythmic 
succession  of  curling  contractions  may  be  maintained.  The  pos- 
terior  end  of  a  curled  up  Chaaopleura is  commonly more  sharply 
bent  than  the anterior,  which thus overlaps it  (as  noticed also  by 
Sampson, 1895).  The girdle musculature is not strongly contracted 
when the Chiton is curled up. 
The degree of longitudinal curvature of the body of a  Chiton, and 
the degree of elevation of the girdle are each controlled by the rela- 
tive tensions of antagonistic muscle groups (for structure, cf. Sampson, 
I895; Plate, 1901).  The important muscles are: (1)  a median dorsal 
group, composed mainly of fibers running from the anterior edge of 
each shell plate to  the ventral surface of the anterior region of ttie 
next  anterior  plate;  (2)  longitudinal muscles  at  either  side  of  the 
body (flexor antagonists of the extensor muscles (1));  (3)  the dorsal 
(extensor) and ventral (flexor) muscles of the girdle, set perpendicular 
to its margin.  The contact irritability of the foot and the activities 
of  these  muscle groups  were  studied  especially  in  relation  to  the 
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Strychnine. 
Chitons attached to the bottom of a  glass dish were covered with 
sea water, and later strychnine sulfate in sea water was added to the 
desired concentration; or else the animals were immediately covered 
with  strychnine solution.  The  effects secured  depended  upon  the 
strychnine concentration and upon the time of action. 
In  strychnine  with  a  concentration  of  1:10,000,  after  about  3 
minutes (at  19°C.)  the girdle of a Chiton begins to  turn upward; the 
foot ceases to  attach  to  the substratum,  and  the whole body curls 
upward at both ends; usually the animal falls over on one side, and 
finally comes to lie more or less on its back because of lack of stable 
support on the curved margin of the girdle; it later curls in the more 
usual  fashion, with  the  dorsal  surface convex.  Typical waves, fre- 
quently several  at  a  time,  appear  in  rapid  succession on  the  foot, 
while the body is  bent;  and  the proboscis  is  greatly extended.  At 
no  time  does  the  animal  respond  to  a  sudden shading of its dorsal 
surface, although for a  brief interval reactivity to  a  shawling of the 
ventral surface is  greatly enhanced; shortly thereafter this  kind  of 
irritability is obliterated.  From this moment, that is  after about 5 
minutes  exposure  to  strychnine, the Chiton  responds  to  a  sudden 
increase of illumination upon its  ventral surface by a  very decided 
further  uncurling--whereas,  in  the  non-strychninized animal,  such 
stimulation  induces  prompt  curling.  This  reversal  of  the  usual 
reaction to increased illumination persists for about 15 minutes if the 
Chiton is at this point returned to sea water; it is lost if the animal 
continues in  the strychnine solution  for 24  hours,  but  even in  this 
case it reappears during subsequent destrychninization in sea water. 
The  initial  phase  of  dorsalward  (opisthotonic)  curvature,  due  to 
the contraction of the median longitudinal and oblique dorsal muscle 
bands,  is  succeeded by  the strong  contraction of the ventral girdle 
muscles  and  of  the  lateral  longitudinal muscles,  so  that  the  body 
becomes  curled  as  in  the  usual  curling  up  maneuver.  The  dorsal 
shell plates are caused to separate slightly in this process, so that the 
intertegmental mantle between each two plates is exposed and open 
to  stimulation  by  touching  it  with a  pointed  instrument.  In the 
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plates results in the approximation of these two plates, thus covering 
the  spot irritated;  this  reaction is in no way modified under  strych- 
nine  (even at  1:4,000  concentration).  The  girdle,  also,  responds  in 
an  entirely  normal  fashion  to  local  tactile  activations,  as  do  the 
ctenidia.  Another  form  of response which  remains  unaltered  under 
strychnine  is  the  dorsalward  contraction  of  the  ctenidia  against  the 
roof of the ctenidial channel when a  spot on the same side of the foot 
is  touched.  The  surface  of  the  foot  itself  exhibits  an  interesting 
modification  of  its  responses;  the  foot  ordinarily  responds  to  the 
contact of a  surface,  sufficiently large with respect to the foot, by a 
positive suctional attachment  (the adhesion of the foot being due to 
the  activity  of  many  minute  suctional  fields over its surface);  but 
under strychnine, the foot puckers away from the contact of a  surface 
of any size--its  positive stereotropism  suffers reversal.  In  the non- 
strychninized  Chiton  the touch of a  fine-pointed rod causes merely a 
localized  but rather  deep puckering  of  the foot.  Under strychnine, 
touching  one  small point leads  to  a  widespread  retraction. 
With  more  concentrated  solutions  (1:4,000)  these effects  develop 
more  promptly.  The  body  becomes  at  first  greatly  arched,  the 
back convex, with some convulsive trembling, but the girdle does not 
curl ventrally.  If touched on the back, the animal usually ceases to 
adhere  to  the bottom and  curls  up,  armadillo  fashion,  remaining  so 
for  some  minutes.  Ultimately,  even  in  strychnine  of  low  concen- 
tration  (1:12,000), the  Chitons  pass  into  a  paralyzed  state,  with  all 
muscles  contracted,  the  girdle  curled  ventralward,  the  two  ends  of 
the body more or less approximated  ventrally. 
The  significant  features  of  these  results  are:  (1)  The  reversal  by 
strychnine  of  the  suctional  attachment  of  the  foot;  ~ (2)  the neuro- 
muscular  reversals  exhibited  in  the  dorsalward  curvature  of  the 
girdle and of the body as a  whole, probably due to the effects of im- 
pulses originating in those parts  at the time in contact with the sub- 
stratum;  (3)  the reversal of the response to increased illumination  of 
the ventral surface;  (4) the fact that certain responses seem to remain 
l This is paralleled by Moore's (1916-17) finding with the tube feet of strych- 
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relatively uninfluenced by  strychnine  (movements of  the  ctenidia, 
and of the dorsal plates when the intertegmental mantle is touched).* 
In  the  strychninized Chiton sensory impulses  originating on  the 
ventral  aspect  of  proboscis,  foot,  and  girdle  may  be  regarded  as 
causing contraction of extensor  (dorsal)  muscles of the girdle and of 
the  body  (median  dorsal  longitudinal  and  oblique dorsal  muscles). 
This effect may be accentuated by touching the back  of  the  Chiton. 
Such  impulses  normally lead  to  the  contraction of flexor  muscles 
(ventral muscles of the girdle; lateral longitudinal  muscles  connecting 
the shell plates) which results in a  closer contact between the Chiton 
and its substratum. 
Reversal of the  response  to increased illumination of the ventral 
surface,  involving  the  muscle  groups  mentioned,  operates  in  the 
same manner.  This seems to be the first recorded instance of experi- 
mental reversal of the sense of a  response  dependent upon  "differ- 
ential sensitivity." 
There is a  detectable degree of independence in the movements of 
strychninized girdle and body.  Thus  at  certain stages  a  touch on 
the back may cause the girdle to bend ventrally, while the extensor 
muscles of  the  back  contract;  in  other instances  the back  may be 
arched,  while  the  girdle  bends  dorsally.  The  type of  local  action 
here indicated is further illustrated by the behavior of Chitons with 
the pallial nerve strands cut and with the proboscis  region isolated 
from the foot by a  transverse cut.  Such preparations do not differ 
noticeably from intact animals in their responses to strychninization. 
In a number of instances Chitons returned to sea water after having been in 
strychnine solution for a number of hours were found to pour out great volumes 
of sperm, at a certain stage in the progress of recovery.  The observation is of 
interest in connection with the view (Crozier, 1920) that the shedding of sperm 
by male Chitons, although in normal fertilization preceding the  liberation of 
eggs, is in reality induced as a sensory, response to substances emanating from 
females; in these experiments the proper internal concentration of strychnine for 
the release of the nervous machinery controling sperm discharge seems to have 
been established during the outward diffusion  of the drug from the Chiton into 
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Nicotine. 
Attached Chaetopleura immersed in  1:25,000  solutions of nicotine 
(Kahlbaum)  within  3  minutes  release  their  suctional  attachment 
to a surface, and curl ventralward rather sharply at both extremities. 
The proboscis  fold is  commonly much protruded,  covering the an- 
terior end ~f the foot.  The girdle is curled inward.  In this tightly 
curled condition the Chiton quickly passes into paralysis.  After 15 
minutes in nicotine solution, recovery of normal movements is effected 
within  an  hour  following return  to  sea  water.  At  1:1,000  concen- 
tration  the nicotine effect is  almost instantaneous.  After  the  first 
few seconds in nicotine solution the ordinary responses to changes in 
illumination are obliterated. 
Nicotine primarily induces the contraction of flexor muscle groups 
(ventral girdle muscles,  lateral  shell muscles), whereas in  the early 
stages of strychninization the extensor antagonists  of these muscles 
are the most readily contracted. 
A  further peculiarity of the nicotine action consists in  its selective 
nature.  The  anterior end of the  Chiton  is  almost invariably more 
strongly flexed than the posterior.  When curled up in  the absence 
of nicotine,  the posterior  end  is  the more flexed,  the  anterior  end 
folding over it.  When the body has been partially transected in such 
fashion that the soft tissue of the foot is separated from the proboscis 
fold, while the dorsal muscle bands are left in continuity, it is found 
that nicotine induces as promptly as before the general flexion of the 
girdle, while the foot and  shell muscles remain for a  long time un- 
affected.  The  action of strychnine on  such  a  preparation,  already 
noted, is quite different.  Thus the "cerebral"  region of the nervous 
system of Chiton,  despite  the absence of pronounced cephalization, 
exhibits  nevertheless  a  certain  degree  of  selective  reactivity  with 
nicotine,  homologous  with  that  demonstrated  by Moore  (1918-19) 
for the cerebral ganglia of the squid. 
Curare. 
Immersion  of  a  Chiton  for  3  hours  in  a  saturated  emulsion  of 
active  curare has  practically no  detectable  results  on  the  animal's 
movements.  Detached and partially curled up Chaetopleura dropped w.  j.  c~ozmR  633 
into  curare  solution  tend  on  the  whole  to  remain  curled  up  for  a 
longer period  (even in  the dark)  than  is  the rule in  sea water,  but, 
even after 5 hours in curare,  recovery in  sea water is quite prompt. 
The isolated foot of a  Chiton,  if exposed to curare,  does not go into 
spasms  of  contraction.  Curare  has  a  quite  different  effect on  the 
foot  and  on  the  whole  animal  in  the  case  of  gastropods,  usually 
inducing  commlsive contractions.  Even after  7 hours in curare  the 
tendency  to  curl up  is  not materially  enhanced;  the  foot is usually 
crinkled somewhat, but not decidedly, and the girdle is not strongly 
contracted.  It  is  of  interest  to  note  that  curare  has  practically 
no action on neuromuscular  coSrdination  in flatworms, s 
In  comparison  with  the  definite  curvatures  of  body and girdle 
characteristically  induced  by nicotine  and  in  early stages of strych- 
niuizatlon,  it is found that in quinine  solutions the curvature of the 
mantle  is quite irregular,  while  the body may be curled  to varying 
degrees. 
S~AR¥. 
1.  The  degree of curvature of the body and of the girdle of a  Chi- 
ton is determined by the activity of antagonistic muscle groups.  At 
a certain early stage in the strychninizatlon of a Chiton the reciprocal 
inhibition  involved in  the  natural  use of these muscle groups  is re- 
versed,  such  that  extensor muscles,  rather  than,  as normally,  flexor 
muscles,  contract  as  the  result  of  stimulation.  This  condition 
involves a reversal, under strychnine, of the normally positive stereo- 
tropism  of ~he  foot,  and  of the usual response of the mollusk to an 
increased  illumination  of its  ventral  surface.  Strychnine reversal of 
tl~s character is not a  matter of the relative strength  of the opposed 
muscle groups,  for the flexor muscles are the more powerful and are 
the ones always shortened in tetanic  contraction. 
2.  Nicotine,  in  contrast  to  strychnine,  primarily  induces  contrac- 
tion  of flexor muscles.  Its  effects, moreover,  are  in  a  degree selec- 
3  Vles (1907) thought  the antero-posterior direction  of the pedal  waves in 
Ar,  an~kockites suggestive of a worm-like neuromuscular organization, more primi- 
tive than that in the foot of gastropods, where the waves are often direct; but the 
retrograde waves producing locomotion in polyclads (Crozier, 1918) seem to he 
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five, being notably exerted on "cerebral" nervous structures.  Curare 
is devoid of characteristic  action on  the neuromuscular responses of 
Chiton. 
3.  The  chemical  organization  of  the  neuromuscular  organs  of 
Chiton,  as  far as  revealed  by  these  tests,  corresponds  to  a  more 
simple condition than is inferred for gastropods.  In particular, the 
behavior  with  respect  to  curare  resembles  more  that of the neuro- 
muscular apparatus of flatworms. 
BIBLIOGRAPHY. 
Arey, L. B., and Crozier, W. J., 1919, The sensory responses of chiton, J. Exp. 
Zool., xxix, 157. 
Crozier, W.  J., 1918, On  the method of progression  in  polyclads,  Proc.  Nat. 
Acad. Se., iv, 379; 1918-19, On the use of the foot in some mollusks, J. Exp. 
ZooL, xxvii, 359; 1919, On the photic sensitivity of the chitons, Am. Nat., in 
press; 1920, An observation on the cluster formation of the sperms of chiton. 
Am. Nat., in press. 
Crozier, W. J., and Arey, L. B., 1919, Sensory reactions  of Chromodoris zebra, 
J. Exp. Zool., xxix, 261. 
Moore, A. R.,  1916-17, The action of strychnine on certain invertebrates,  J. 
Pharm. Exp.  Therap.,  ix,  167; 1918-19, Reversal of reaction  by means of 
strychnine in planarians  and starfish,  J. Gen. Pkysiol.,  i, 97; The selective 
action of nicotine on the central nervous system of the squid, Loligo pealii, 
505. 
Parker,  G. H.,  1914, The locomotion of chiton, Contrib. Bermuda Biol. Station, 
iii, No. 31. 
Plate, L. H., 1901, Die Anatomie und Phylogenie der  Chitonen,  (Fortsetzung) 
Zool. Jahrb.,  v suppl.  (Fauna Chilensis, ii), 281. 
Sampson, L. V.,  1895, The musculature of chiton, J. Morpkol.,  xi, 595. 
Vies, F., 1907, Sur les ondes p6dieuses des MoUusques reptateurs, Compt. rend. 
Acad.,  cxlv, 276. 